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Abstract
A method is proposed for patterning hall-bar structures within the LaAlO3/SrTiO3 in-
terface. LaAlO3 was grown (10 u.c.) by means of off-axis magnetron sputtering, resulting
in a conducting interface exhibiting similar R(T) behavior to literature. This is one of the
first reports on a conducting interface by means of sputtering, as LaAlO3 is convention-
ally grown by Pulse Laser Deposition. The beforementioned hall-bar structure, includ-
ing a sufficient measurement set-up, allowed for ionic liquid gating experiments on the
LaAlO3/SrTiO3 interface. The resistance was shown to increase for negative gate volt-
ages (depletion mode), whereas positive gate voltages (enhancement mode) decreased
the resistance. A clear distinction from the general R(T) behavior of the interface was
shown to occur in depletion mode, as the resistance showed a huge upturn at low tem-
peratures. Further investigation of hall-effect measurements has revealed the tunability
of both the charge carrier density and the electron mobility by means of ionic liquid gat-
ing. The charge carrier density was shown to be roughly linearly dependent on the gate
voltage at 170 K. The magnitude of the gate current, the reversibility of the gating effect,
and the estimated capacitance of the system are clear ndications on the electrostatic na-
ture of the gating effect within the LaAlO3/SrTiO3 interface, in the range of applied gate
voltages. The previously described results allow for many interesting (ionic liquid gating)
experiments on the LaAlO3/SrTiO3 interface in the near future.
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Chapter1
Introduction
1.1 Conduction at the LAO/STO interface
Figure 1.1: A 2-D Electron Gas (2DEG) is found at the interface of SrTiO3 (STO) and LaAlO3 (LAO).
In 2004, Ohtomo and Hwang remarkably found a conducting layer at the interface
of two perovskite band insulators [1]. It was observed that at the interface of stron-
tium titanate and lanthanum aluminate a conducting layer was formed with 2-D Elec-
tron Gas (2DEG) behavior1, see figure 1.1. Their discovery opened a new field of re-
search in condensed matter physics on understanding complex oxide interfaces. Mean-
while, many more conducting interfaces have been found such as GdTiO3/SrTiO3 [2]
and LaTiO3/SrTiO3 [3]. The LAO/STO interface was demonstrated to posses remark-
ably high electron mobilities up to ∼ 104 cm2/Vs (an order of magnitude higher than
conventional silicon based transistors) and charge carrier densities of 3 · 1013 cm-2, both
with very high tunability by means of gating [4]. Aside from the exciting new physics,
complex oxide interfaces attracted a huge amount of attention due to their vast potential
application in novel electronic devices such as sensors and switches. It has been shown
that the LAO/STO interface also exhibits physical properties such as superconductivity
12DEG behavior doesn’t neccesarily mean that the layer has zero thickness, rather that the electrons are
only capable of moving in 2 dimensions.
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10 Introduction
[5] and magnetism [6], both described in the following sections. The interface was ini-
tially described as a 2DEG, which later was reformed to 2DEL(2-D Electron Liquid) in
order to emphasize inter-electron interactions. Recently, the convention has changed to
2DES (2-D Electron System). Further important properties of both lanthanum aluminate
and strontium titanate are displayed in table 1.1.
Table 1.1: Properties of both LAO and STO at room temperature.
Chemical formula Band gap Crystal structure Lattice parameter (bulk)
Lanthanum aluminate LaAlO3 ∼ 5.6 eV Rhombohedral 3.97 A˚
Strotium titanate SrTiO3 ∼ 3.2 eV Cubic 3.905 A˚
1.1.1 Thesis outline
The goal of this research project was to perform ionic liquid gating experiments on a
the LAO/STO with the correct contact structure (i.e. a hall-bar). Ionic liquid gating is a
relatively novel method and therefore on its own already a topic of interest. However,
ionic liquid gating might also help to gain insight in the mechanisms behind the conduc-
tion at the LAO/STO interface. Acquring the hall-bar pattern was the most challenging
part of this research, however, before contemplating on the latter I will first discuss the
LAO/STO interface and its properties into greater detail. Subsequently, all of the used
techniques such as for growth, patterning and measurement will be discussed and ex-
plained. In chapter 2, all of the essential experimental details will be explained as much
numerically as visually. In chapter 3, (preliminary) gating measurements will be dis-
cussed, which will hopefully be continued in the future. Possibilities of future measure-
ments are explained in the outlook, followed by the conclusion of this research project.
10
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1.1.2 Mechanisms
While writing this thesis, almost 14 years after discovery, there still is no consensus on the
origin of the conducting interface2. A 2DEG has two main ingredients in order to form, a
quantum well, and donor states. The fact that the quantum well is formed within the STO
is generally agreed upon. However, the origin of the donor states (i.e. source of charge
carriers) has been up for debate since its discovery. Several reasonable mechanisms have
been proposed over the years, whereas all of the four discussed in this section have shown
to atleast influence conductivity at the interface one way or another.
Figure 1.2: Vizualization of (a) Potential divergence due to the polar discontinuity in the subse-
quent layers of LAO (b) Electronic reconstruction within the LAO. One half of an electron per unit
cell is transferred to the surface of STO, effectively counteracting the potential divergence. Figure
from [8].
Polar catastrophe
It was observed that a conducting interface only occured under certain circumstances
such as: (1) TiO2 terminated STO. (2) A mininum thickness of 4 U.C. of LAO. Based on
the latter two obersvations a mechanism was proposed which focussed on electronic re-
construction at the interface.
LAO is polar in the (001) direction, as vizualized in figure 1.2 (a). Polar, in this
case, means that LAO is composed of layers with opposite polarity, namely, (LaO)1+ and
(AlO2)1-. Each pair of layers can effectively be described as one parallel plate capacitor
with an intrinsic electric field. Therefore, as the LAO layer grows (i.e. as the parallel plate
capacitors are stacked on top of eachother), the potential the electrons at the surface ex-
perience diverges. The system as a whole can counteract this divergence, as vizualized in
2”A central difficulty in achieving consensuns about this system is the variation in growth paramters
used by various groups, leading to a wide range of reported properties.” - [7]
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figure 1.2 (b), by transferring half of an electron per unit cell of LAO to the surface of STO.
The electronic reconstruction can be explained, and calculated, by means of a zener break-
down3. At some critical thickness, the potential build-up is large enough for electrons to
transfer from the valence band of LAO to the conduction band of STO. In other words,
the electric field within LAO will bend the electronic bands, as vizualized in figure 1.3.
The formula for the theoretical critical thickness is given below.
tc =
e0eLAO∆E
eP0LAO
(1.1)
With e0 the permittivity of vacuum, eLAO the permitivitty LAO, ∆E the gap between
the valence band of LAO and the conduction band of STO, and P0LAO the formal polar-
ization (in C/m2). Following from formula (1.1), the critical thickness is estimated at
tc ≈ 3.5 u.c., very well in agreement with experimental observations [1] and therefore
strong evidence in favour of the polar catastrophe scenario. However, as this mechanism
is induced by intrinsic electric fields, one should be able to experimentally observe such
electric fields. Furthermore, as the electrons are proposed to be transfered from the top of
the LAO layer, one would similarly expect a 2DEG of holes to be located at the surface.
The latter two have not observed in any research as of today, decreasing the plausibility
of the polar catastrophe scenario.
Figure 1.3: Schematic drawing of the electronic band configuration at the interface, including band
bending of LAO due to the intrinsic electric field.
3Tunneling of electrons, stimulated by an electric field, from the valence to the conduction band.
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Oxygen vacancies
A second mechanism, first proposed in 2007 by a A. Kalabukhov et al. [9], is in a way
contradictory to the polar catastrophe scenario. As in the oxygen vacancy scenario, the
donor states lie within the STO bulk, instead of LAO.
In crystallography, a vancancy is a point defect in a crystal. Oxygen vacancies can
therefore be described as empty lattice sites (see figure 1.4), where oxygen would have
been if the crystal where in its original state. STO is known to be susceptible to formation
of oxygen vacancies due to the posibility of change in the valence of Ti-atoms from Ti4+
to Ti3+. Oxygen vacancies induce free electrons in the conduction band of STO, some of
which will be trapped in the quantum well near the interface of LAO. There are several
ways to induce oxygen vacancies in STO, such as annealing in vacuum and argon ion
etching. In [9], it is argued that in the usual production process of the STO/LAO inter-
face, formation of oxygen vacancies in the bulk of the STO is inevitable and furthermore
a necessity, as deposition at much larger oxygen pressures (i.e. a decrease in formation
of oxygen vacancies) resulted in insulating interfaces4. Introducing oxygen vacancies is
known to be a reversible process, as subsequent annealing in high oxygen pressures re-
duces the amount of vacancies. No indications have been found of a transformation from
an initial conducting interface to a non-conducting interface due to post deposition an-
nealing. So far, oxygen vacancies are still believed to be of influence on the conductivity
of the interface, however, calculations and measurements have shown that the charge
carrier density due to oxygen vacancies is bounded well below the actual observed quan-
tities [10].
In [9] it is described how oxygen vacancies form within the STO, however, there also
is a possibility of formation of oxygen vacancies in the LAO layer. Recently, new models
have been proposed [11] combining the polar catastrophe scenario with the formation of
oxygen vacancies. It is argued that, possibly, at the critical thickness, oxygen vacancies are
formed on top of the LAO layer. Each oxygen vacancy gives two electrons which are sub-
sequently transferred to the interface due to the intrinsic electric field. This mechanism
by means of oxygen vacancies in the LAO might explain why there is no conductivity
found at the surface of LAO, as described in the previous section.
4Furthermore, it was argued that the STO substrates are highly sensitive to enviromental factors such
as deposition temperature and cooling rates, minor changes where reported to be of huge influence on the
conductivity of the interface.
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Figure 1.4: On the left, a High Angle Annular Dark Field (HAADF) image of a STO/LAO interface
from [12]. On the right, a schematic illustration of possible defects at or around the interface such
as oxygen vacancies (VO), intermixing of La (LaSr), and Sr/Ti vacancies (VSr and VTi)
Cation intermixing
A third plausible mechanism, which has been claimed in several papers to exist, is cation5
intermixing at the interface of LAO/STO [12][13]. As STO is known to easely become con-
ducting by n-type doping, either by oxygen vacancies [14], La3+ substitution for Sr2+ or
Nb5+ substitution for Ti4+ [15]. LaxSr1-xTiO3 has been shown to become conducting for a
wide range of x [16]. Substitution of La3+ for Sr2+ should result in donation of one elec-
tron, per La atom, to the conduction band of STO. The latter process is described by partial
Ti3+ occupation, whereas Ti4+ has a completely filled orbitals, Ti3+ has one free electron in
the 3d orbital. Furthermore, it was theoretically founded why this intermixing is thermo-
dynamically more favorable [17], even for samples with very high structural quality. By
several different methods such as ion spectoscropy and electron energy loss spectroscopy
indications of intermixing have been found, however, no connection between the criti-
cal thickness has been proposed nor found. A secondary problem is the fact that polar
catastrophe scenario is not always excluded, as the polar catastrophe also explains Ti3+
occurence in the top layer of STO.
5A positively charged ion.
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Figure 1.5: Room temperature sheet resistances of STO/LAO for different La/Al ratios [18]. A
jump in resistance is observed at La/Al = 0.97 ± 0.03, consistent within three different (batches
of) samples. The PLD arrow indicates a certain conducting sample grown by PLD with its given
stoichiometry.
Stoichiometry
The latter two mechanisms describe a system with defects within the STO, while the LAO
is assumed have no defects. However, one can also consider imperfections within the
LAO with respect to ratio between atoms per unit cell (i.e. the stoichiometry). In [18], it
was shown that the ratio between lanthanum and aluminum atoms was of huge influence
on the conductivity of the interface. La(1-δ)Al(1+δ)O3, for a certain range of δ, was grown by
Molecular Beam Epitaxy (MBE). The exact values of δ have been later defined by Ruther-
ford Backscattering Spectometry (RBS). Further investigation revealed that La/Al ≤ 0.97
± 0.03 is a neccesary condition (see figure 1.5) for obtaining conduction at LAO/STO in-
terface.
A theoretical explanation is proposed, combining the stoichiometry and the previous
mentioned polar catastrophe scenario. It is explained how Al3+ can substitute La3+ (La/Al
< 1) without modifying the polarity of the subsequent layers allowing for electronic re-
construction. However, in La-rich films (La/Al> 1), the lanthanum is unable to subsitute
for aluminum, resulting in Al2O3-vacancy complexes. The latter affects the charge of the
alternating layers by ± 2x, where x is defined by the amount of aluminum vacancies
per unit cell. The potential still diverges as the thickness increases, however, the alu-
minum vacancies are now able move to the interface through the beforementioned Al2O3-
vacancy complexes, effectively screening the diverging potential. Due to this screening,
the La-rich films (as opposed to Al-rich films) remain insulating.
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1.1.3 Properties
After the discovery of conductivity at the interface of LAO/STO, an avalanche of exper-
iments resulted in the disvovery of many more interesting properties such as magnetic
effects and superconductivity. The two most interesting properties, as it is very rare for
both to coexist, are ferromagnetism and superconductivity. The latter being due to the
fact that ferromagnetism requires spins to allign whereas superconductivity relies on the
existence of cooper pairs in which spins are required to anti-align.
Figure 1.6: Sheet resistance vs. Temperature for 8 u.c. and 15 u.c. of LAO [5]. At Tc ∼ 200 mK,
respectively Tc ∼ 100 mK, both samples transition into a superconducting state.
Superconductivity
Superconductivity at the interface of LAO/STO was first observed in 2007 by Reyren et al.
[5]. Similarly grown samples of 8 u.c. and 15 u.c. of LAO both underwent a superconduct-
ing transition at ∼ 200 mK and ∼ 100 mK, see figure 1.6. Furthermore, a magnetic field
of 180 mT, perpendicular to the interface, was shown to completey suppress the super-
conducting transition. As the superconducting transition temperatures fall in range with
oxygen-deficient STO, questions where raised wether the bulk of the STO substrate be-
came conducting or only a thin sheet at the interface. Without excluding, it is argued that
the observed superconducting and insulating behavior of both samples are very hard to
reconcile with a pure oxygen vacancy scenario. Soon after, back gate experiments where
performed in order to tune the carrier density of the interface [19]. Such gating experi-
ments revealed a dome-like superconducting phase diagram, culminating at Tmaxc ∼ 300
mK.
16
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Figure 1.7: Magnetometry mapping of LAO/STO, vizualizing the ferromagnetic order [6]. Ferro-
magnetism appears as static spatially separated dipoles, to a background of paramagnetism.
Ferromagnetism
Since both STO and LAO are non-magnetic, occurence of magnetism at their interace was
quite suprising. Magnetism appears to only occur after a certain amount of unit cells of
LAO [20], similar to the appearance conductivity. Whereas, unlike the conductivity, TiO2
terminated STO appears not to be a neccesity for magnetism at the interface [20]. Early
signs of ferromagnetism have been found by [21], observing hysteresis in magnetoresis-
tace measurements. The ferromagnetism within the LAO/STO interface was confirmed
by means of scanning Superconducting Quantum Interference Device (SQUID) [6]. Fer-
romagnetism was shown to occur in heterogeneous patches (up to microns in diameter)
to a background of paramagnetism, see figure 1.7. The latter was observed not to be tem-
perature dependent in the measured range from 50 - 150 mK. It is known that when LAO
is deposited under sufficiently high oxygen pressures (∼ 10−3 mbar), localized magnetic
moments are present, however, the question on why those magnetic moments tend to
couple in the superconducting state remains unexplained.
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1.2 Techniques
1.2.1 Sputtering
Figure 1.8: An illustration of bombardment of energetic argon ions (Ar+), ejecting particles from
the sputtering target.
Conventional sputtering Sputtering is one of the most commonly used , if not the most,
techniques in growth of thin films, competing for first place with Pulse Laser Deposi-
tion (PLD). Sputtering relies on a fairly simple and intuitive physical process: ejection of
particles from the source material (i.e. the target) by bombardment of highly energetic
particles. Often, gas ions such as argon (Ar+, see figure 1.8) are used for the purpose
of bombardment. An important parameter in a supttering process is the removal rate
of the particles from the target, often described as the yield (Y). The yield is defined as
the mean number of atoms removed from the target surface per incident ion. The yield
typically depends on variables such as the energy of the incoming ions and the binding
energy of the target material, as to eject an atom from the target the binding energy has
first to be overcome. Similarly, the structure of the target, i.e. crystalline/polycrystalline,
has a huge influence on the yield. The deposition rate (i.e. the growing rate of the target
atoms on the substrate) is proportional to the yield and the pressure, as a higher pressure
leads to an increase in scattering events, and thus a decrease in mean free path (λ) of the
sputtered atoms. Typically, for sufficiently high energies, ejected particles follow ballistic
trajectories.
18
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Figure 1.9: Glow discharge: The ionization process of the gass atoms leading to a plasma.
By the ionization of a sputtering gas a plasma6 is formed, the ionization process is
vizualized in figure 1.9. Unless there are enough argon-electron collisions, the plasma will
quickly die out. After a certain amount of time, the charged ions will recombine with an
electron and return to neutral atoms while emitting a photon of a certain wavelength. The
latter process explains the glowing glaze of a plasma. As sufficiently enough collisions
have to occur in order to sustain the plasma, the pressure within the chamber cannot be
too low. However, the pressure shouldn’t be too high either (i.e. the mean free path of
the electrons shouldn’t be too small), as the electrons lose a certain amount of energy
after each collision. This decrease in energy has to be regained due to the electric field
in between collisions. The sputtering pressure is different for each sputtering, however
usually in the range of∼ 5 · 10−3 mbar. The voltage at which the plasma is self-sustained,
for a given pressure, is typically called the breakdown voltage. Whereas, the process of
a plasma being formed by the passage of electrical current through a gas is called glow
discharge. This ionization process leading to a glow discharge is visualized in figure 1.9.
DC and RF sputtering Sputtering is done with either DC or AC (RF sputtering7) volt-
ages. DC sputtering is not effective for sputtering insulator targets, such as LAO. Positive
charge will build up at the surface of the target such that further positive ions will be
repelled. In this case the negative surface voltage effectively lowers untill below the re-
quired voltage to sustain the plasma. If one knows the typical time scale (RC-time) on
which this charge build-up occurs one can deduct the frequency that is needed to pe-
riodically counter this effect with electrons, and therefore sustain to the plasma. For a
sufficiently high frequency, the electrons will oscillate back and forth while the argon
ions will still be effectively accelerated towards the target since mArgonmElectron.
6A plasma is formally defined as the fourth state of matter: An intermixing of ions, electrons and neutral
particles.
7Radio frequencies: 3 KHz - 300 GHz.
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Magnetron sputtering In the arrangement of figure 1.9, electron trajectories are primar-
ily defined by the electrical field between the anode and the cathode, as the electrons
are accelerated with high velocity towards the target. As mentioned before, in order to
sustain the plasma, sufficiently many argon atoms should be ionized by those electrons.
Therefore the pressure shouldn’t be too low (of the order of a few Pa). In order to grow
at lower pressures, it is custom to introduce magnetic fields (hence the name magnetron
sputtering) in order to trap the electrons in cyclotron motion in viscinity of the target.
Due to the elongation of the trajectories of the electrons the probability of ionization of
an Argon atom is increased. Therefore, lower pressures are sufficient for a similar glow
discharge by means of magnetron sputtering.
Off-axis sputtering Figures 1.8 and 1.9 illustrate a set-up in which the substrate is di-
rectly in front of the target, this set-up is called on-axis sputtering. However, often a
different orientation is used called off-axis sputtering. In off-axis sputtering, the substrate
is typically placed under a 90◦ angle. Off-axis sputtering has several advantages such as
increase in crystallinity and lower energetic depositioning. An accessory of this method
is lower deposition rates, as the angle under which the ejected atoms can deposit on the
sample is much smaller in comparison to on-axis sputtering.
20
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Figure 1.10: Illustration of a typical photolithograpic process for both positive and negative resist.
1.2.2 Photolithography
Lithography, originally a method of printing based on the immisibility of oil and water, is
in the field of experimental physics known as a umbrella term governing the patterning
of nanoscale sctructures. There are several well known, and commonly used, lithographic
methods such as e-beam, x-ray and photolithography8. Although different methods gov-
ern different resolutions and patterning speeds, all of the above rely on the same method-
ical principle: applying resist→ exposure→ development.
Photolithograpic process As illustrated in figure 1.10, in step (1) a uniform layer of pho-
toresist9 is deposited on a substrate. A uniform layer is acquired by means of spin coating,
applying a small amount of resist to the center of the sample to subsequently be spun at
a certain rpm10 in order to equally distribute the resist on top of the sample. A typical
spin coat procedure runs at 1000 - 4000 rpm, for 30 - 60 s. For most (photo)resists, the
dependence of the thickness on the rpm have been accurately documented. After spin
coating, a sample is usually baked to get rid of excess photoresist solvent (i.e. to harden
the photoresist), anywhere between 80 - 200 ◦C for one to several minutes. In the second
8Also known as UV lithography.
9Or in short resist.
10Rounds per minute.
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step a certain part of the sample is covered by a UV-light protective shield, often called
a optical mask. The optical mask is usually in contact (contact printing), or otherwise in
very close viscinity (proximity printing), with the surface of the sample. Contact printing
has a higher resolution than proximitty printing, but also a higher risk of damaging the
mask and sample. In both cases the resolution is limited by diffraction, as one is limited
in resolution by the wavelength of the used light. The resolution for contact printing is <
0.5 µm, whereas the larger the distance between the mask and the sample the larger the
smallest producable feature. After alignment of the mask with respect to the sample, the
uncovered parts of the surface of the ample are exposed to light resulting in a chemical re-
action of the resist allowing the exposed parts to be dissolved in a certain solution called a
”developer”. For standard positive resist the photoactive compound (PAC) is converted
to a carboxylic acid on exposure to UV light in the range of 350 - 450 nm. As the pho-
tolithographic process is based on the solubility of the resist, the acid is solvable in basic
developer while the PAC is not. A resist is either positive or negative, whereas either the
exposed or the covered part is dissolvable in the developer. Most of the used developers
are basic solutions, consisting of tetramethyl ammonium hydroxide (TMAH) in different
concentrations. Further optimizations of the process lie in definement of the correct ex-
posure and development times. Although the dose per unit volume for a certain resist
is roughly constant, the dose the resist actually recieves will differ for each structure and
resist. At the edges of a pattern the light is scattered and diffracted. When an area is ex-
posed for too long (i.e. overexposed) certain parts of the resist that shouldn’t be exposed
might actually get exposed to a certain dose. Overexposure may lead to broadening (neg-
ative resist) or narrowing (positive resist) of the supposed to be structeres. Vice versa,
underexposure might result in a similar effect as overexposure of a resist with opposite
polarity, in extreme cases the pattern will not be transfered at all. In a similar manner
one can overdevelop its resist, as unexposed resist is still solvable in developer (only at
a lower rate). Overdevelopment may result partial loss of the pattern, whereas underde-
velopment may result in ears (i.e. remainder of undissolved photoresist at the corners of
the intersection of the resist and substrate).
Lift-off A photolithographic process is often followed by a patterning step called Lift-
off. Before the lift-off, the substrate (including the previously acquired pattern by pho-
tolithography) is covered by a certain material. Subsequently, the photoresist underneath
is dissolved11, by which also the target layer on top will be lifted off. However, the ma-
terial that was in direct contact with the substrate will still remain. In this way the layer
of photoresist has acted as a sacrifical layer and inverse mask. Lift-off is often used as a
substitute for etching in cases where the substrate might be affected by the etchants.
11Most resists are dissolvable in aceton.
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Figure 1.11: Schematic representation of Atomic Force Microscopy (AFM). A laser beam is re-
flected, by the tip of the cantilever, onto a photodiode. Any displacement of the cantilever, due to
interaction with the surface, is measured via the subsequently displaced reflected laser beam.
1.2.3 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a form of microscopy governed under the name of
Scanning Probe Microscopes (SPM), which operate on a completely different principles
in comparison to conventional optical microscopes. AFM has a resolution on the order of
a fraction of a nanometer, much smaller than the optical diffraction limit. AFM is most
famously known for its 3D imaging abilities but can also be used for measuring material
properties or manipulation (i.e. purposely changing the surface structure). The AFM can
be used in several different condition such as atmospheric pressure, vacuum and even in
liquids.
Operating principle AFM operates by measuring the force beween a probe and the
sample, visualized in figure 1.11. Generally the probe is a sharp tip with a pyramid shape
with a height of several microns and a radius of tens of nanometers. The vertical and
lateral deflections of the cantilever are measured by monitoring the intensity of the re-
flection of the laser beam with a photodiode. The positioning of the tip is controlled by
piezoelectric materials, a class of materials that contract or expand in the presence of a
voltage gradient. The latter technique allows for positioning of the tip with very high
precision. Several forces may act upon the tip, while in close viscinity to a surface, such
as repulsive forces due to the short range Coulomb interaction, and attractive forces due
to the Van der Waals interaction. AFM has several operation modes that operate in differ-
ent regions of the force-distance curve of the tip. Contact mode acts upon repulsive forces
while non-contact mode acts upon attractive forces only. Different modes are used for dif-
ferent purposes, and in different conditions. However, the intermittent mode, also known
as tapping mode, is the most frequently used mode of AFM under ambient conditions.
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Tapping mode In tapping mode AFM, the tip is driven near its resonance frequency (∼
50 - 500 kHz). Subsequently, the oscillating tip is very carefully moved near the viscinity
of the surface untill it lightly taps the surface. By the intermittent contact, energy of the
tip is decreased due to interaction of the tip with the surface, resulting in a decreased
amplitude. This reduction in oscillation amplitude is what is monitored, and computed
into surface features. In other words, the oscillation amplitude is what is kept constant
by the feedback loop in figure 1.11. Tapping mode has several practical advantages over
contact mode such as minimization of damage to both the tip and the sample surface.
1.2.4 X-Ray Diffraction
Figure 1.12: A typical 2θ scan including fit, showing the dependency of the reflected intensity on
the angle of the incident beam. In this case the 2θ scan was performed on AlGaN/GaN/Ammono-
Gan heterostructure by [22].
In order to investigate how well a film has been grown, one has to determine the
crystal structure parameters. Growing methods such as PLD and MBE allow for in-situ
monitoring of the growth by Reflection High-Energy Electron Diffraction (RHEED). The
latter is not the possible in the case for sputtering and it is thus neccesary to check the
quality of the film ex-situ. A well known non-destructive method for investigation of
epitaxial layers is X-Ray Diffraction (XRD), based on observing the scattered intensity of
an incident x-ray beam by the atoms in the lattice.
24
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Operating principle Illuminating a crystal produces are diffraction pattern, i.e. regu-
larly spaced spots called reflections, which are produced by constructive interference of
the x-ray waves elastically scattered by the atoms in the crystal. Conditions for construc-
tive interference are determined by Bragg’s law:
2d · sin θ = n · λ (1.2)
, with θ is the angle of the incident beam and d the spacing between diffracting planes.
The latter shows that constructive interference occurs when the path difference between
two rays is equal to 2d· sin θ. The reason for using x-ray waves is because the wave-
length is typically the same order of magnitude as the spacing d, otherwise one would
not be able to produce significant diffraction. Many 2-dimensional images of the before-
mentioned reflections are taken at different orientations, after combining and perform-
ing a fourier transformation one has imaged the 3D density of electrons (and thus of
the atoms) within the crystal. Observing the scattered intensity as a function of the inci-
dent/scattered angle can reveal a lot of information on the crystal structure of the sample.
The so-called θ/2θ scan, see figure 1.12, allows for information on the out-of-plane lattice
constant (i.e. the parameter d), and the thickness of the sample. Furthermore, the so
called reciprocal space map reveals information on in which way the grown film is strained
to the surface by determining the in-plane lattice constant.
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1.2.5 Ionic Liquid Gating
Modulation of the electrical conductivity by means of external electric fields, known as
the field effect, has been long known and was used in the first ever transistor. Recently,
the use of ionic liquids (salts which are liquid at room temperature) or electrolytes as
dielectric material, have greatly increased the induced charge carrier density modula-
tion. Induced free charge carrier densities up to ∼ 1015 cm-2 have been observed [23],
an order of magnitude larger than what was obtainable by means of solid dielectrics.
The latter being due to the fact that direct contact of the ions with the surface allows for
much larger local electric fields. Ionic liquid gating has been shown to induce insulator-
to-superconductor [24] and metal-to-insulator transitions [25].
Figure 1.13: Schematic representation of ionic liquid gating. When a positive gate voltage (Vg)
is applied, negative ions will be attracted towards the gate electrode. Similarly, positive ions will
be attracted towards the viscinity of the drain and the conducting channel. Subsequently those
extra positive ions near the surface of the channel create an electric field which draws, in this case
electrons, towards the surface, creating an Electric Double Layer (EDL).
The mechanism behind ionic liquid gating is in essence not much different from the
conventional field effect theory, a schematic representation is depicted in figure 1.13.
Whenever a gate voltage is applied, ions are moved towards the surface of the chan-
nel, forming an Electric Double Layer (EDL), whereas the beforementioned ions and its
subsequently induced charges in the channel act as a nano-scale capacitor. The distance
between the ions near the surface and the accumulated charges within the channel is
usually defined by the Thomas-Fermi screening length12, which allows for calculation of
electric field screening by electrons in a solid. Due to the beforementioned screening ef-
fects, ionic liquid gating alters the charge carrier densities of the top layer of the channel,
12Typical screening lengths for metals are ∼ 1 nm.
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whereas the bulk of the material remains unaffected. Furthermore, if one changes the
sign of voltage in figure 1.13, ions of opposite polarity will be drawn near the viscinity
of the channel. Subsequently, electrons near the surface of the channel will be pushed
away from the surface (or holes are attracted), in this way one is able to electron or hole
dope the top layer of the channel. Recently, there has been much debate on what drives
the EDL charging, especially on what happens within the material that is subject to ionic
liquid gating. The previously given explanation relies on the fact that the electrons are
accumulated or depleted from within the channel, in a electrostatic (coulomb interaction)
manner. However, it has been reported that in several cases the charge transfer occured
from within the ionic liquid [23][26], by for instance diffusion of oxygen or hydrogen.
The latter is defined as an electrochemical (faradaic) process, which often has irreversible
effects on the channel. The latter two mechanisms do often not opperate seperately, how-
ever, either one of both might dominate in certain ranges of the gate voltage. The window
of gate voltages in which no electrochemical reactions occur is called the electrostatical
window. Usually, electrochemical processes extend over much longer periods of time, in
comparison to the expected electrostatical RC time. As for every material (or interface)
the gating effect might take place in a different manner, a fully covering theoretical model
on ionic liquid gating has not yet been developed. In order to achieve a complete under-
standing of the latter, a lot of recent scientific research is conducted on on the nature of
ionic liquid gating.
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Chapter2
Experiments
2.1 Sample fabrication
Figure 2.1: (1) TiO2 terminated STO (2) Spin-coat a layer of photoresist (3) Exposure (4) Develop-
ment (5) Sputter amorphous aluminum oxide (6) Lift-off
For the purpose of ionic liquid gating experiments, a hall-bar like LAO/STO structure
including a gate electrode is a neccesity. The challenge was, however, to contaminate the
STO substrate as little as possible in the patterning process, as the 2DEG occurs exactly at
the interface. Dirt or defects could be of huge influence on the conductance and possibly
on the 2DEG behavior. First, in order to achieve this structure on the LAO/STO interface,
an inverse hard-mask (the inverse of a hall-bar pattern as solid material on top of the
STO substrate) has been created. Secondly, the layer of LAO will be sputtered on top of
this inverse hard-mask resulting in a hall-bar STO/LAO interface, while the layer of LAO
grown on top of the hardmask has no influence on the hard-mask nor the LAO/STO inter-
face. The procedure of creating this inverse hard-mask has been visualized in figure 2.1,
including photolithography, sputtering and a lift-off. All of the essential experimental
details will be discussed in chronological order within the following part of this chapter.
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Hard mask For the purpose of ionic liquid gating, the hard-mask on top of the STO
substrate is quite usefull as one restricts the gating solely to the LAO/STO interface and
avoids any potential gating effects of the STO near the hall-bar pattern, as many have re-
ported ionic liquid gating effects on bare STO substrates [27][28][29]. A trade-off had to be
made on the thickness of the hard-mask, as thicker layers are more likely to completely
diminish any potential gating effects within the STO outside the hall-bar. However, a
thicker layer also complicates the lift-off procedure as the photoresist is known to harden
underneath the aluminum oxide layer due to sputtering impact. Considering the latter
two effects, the hard mask thickness was practically chosen to be 30 nm. The hard mask
was grown inside a Leybold-Heraeus Z400 by on-axis sputtering at 5 · 10−3 mbar of ar-
gon at a voltage bias of 1 kV for 1000 s, resulting in an amorphous layer of ∼ 30 nm.
Aluminum oxide has been used as hard mask material, as aluminum oxide is insulat-
ing and remained insulating after being held at the LAO sputtering conditions (i.e. high
temperature and oxygen defficient enviroment).
30
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Figure 2.2: (a) AFM image of a single terminated STO surface with clearly vissible terrases due to
the initial miscut angle. (b) Cross section of line (1) in (a), steps in height are equal to the height of
the STO unit cell ∼ 4 A˚.
2.1.1 STO substrate termination
As previously explained, uniform TiO2-terminated surface of STO in the (001) direction
is a necessity in order to get a conducting LAO/STO iterface. STO has a perovskite struc-
ture ABO3, which consist of alternating AO and BO2 planes. In order to get the correct
terminated surface a method has been followed, published in a paper by N. Banerjee et al.
(a group from Twente) [30]. Within the latter, a standard method is proposed to produce
high quality TiO2 terminated STO films. A result is shown in figure 2.2.
1. Cleaning A standardized method for the purpose of this research project: Ultrason-
icate for 3-5 min. in subsequently aceton, ethanol and isopropanol.
2. Soaking STO is kept in a beaker of millipore water for ∼ 30 minutes. It has been
shown that SrO reacts with either CO2 or H2O to form stable compounds such as
SrCo3 and Sr(OH)2. In other words, the topmost layer of the SrO-terminated do-
mains forms a Sr-hydroxide complex which is known to dissolve in acidic solu-
tions. Furthermore, it is very unlikely that any of the TiO2-terminated layers will
react with water.
3. Etching STO is etched in standard HF solution for ∼ 30 s, in which the beforemen-
tioned Sr-hydroxide complexes are dissolved.
4. Annealing STO is annealed in oxygen (150 sccm) at 980 ◦C for 1 hour. The purpose
of annealing is twofold, on one hand to remove remnants of the previous steps,
on the other hand to accomodate recrystallization. Recrystallization in this case
translates intro reconstruction of the terrasses from irregularly shaped to (perfectly)
ordered such as in figure 2.2.
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Figure 2.3: Blueprint of the optical mask, designed in Clewin 5. The purple corners indicate 5 x 5
mm substrate area. Dimension of the channel are 50 x 500 µm. Gold crosses can fulfil the purpose
of allignment markers, the latter might be involved in subsequent photolithographic steps such
as growing gold on top of electrodes. The design has been inspired by a paper from a group from
Singapore whom have also engaged in gating experiments on the LAO/STO interface [4].
2.1.2 Photolithography
Photoresist and developer
The resist and developer that have been used in this research project are OiR-907-12 and
OPD-4262 from Fujifilm. The latter resist can be used for i-line lithogrpahy, exposure of
UV-radiation with a wavelength of 365 nm. A standard spin-coat recipe has been used at
6000 rpm resulting in a thickness of ∼ 1.2 µm, according to the Fujifilm datasheet. Fur-
thermore, as advized, the resist was baked for ∼ 60 s at 80 ◦C. OPD-4262 is a metal ion
free developer with as basic material: Tetramethyl amonium hydroxide (1-10%).
The layer of spin-coated photoresist was subsequently found to be non-uniform near the
edges of the sample, a thicker layer of photoresist occured near the edges roughly 0.5 -
1 mm in width. In order to bypass this non-uniformity and potential errors in further
lithographic procedures, the actual structure was designed within a 4 x 4 mm area, see
figure 2.3.
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Figure 2.4: Optical image (10x): (a) Pattern after development, dark indicates photoresist and
bright indicates STO. (b) Pattern after lift-off, dark indicates aluminum oxide.
Exposure
The design for the optical mask used in this research project is shown in figure 2.3. Ex-
posure has been performed in (hard) contact to achieve optimal resolution. To further
increase resolution, dummy samples have been used in order to stabilize the optical mask
with respect to the sample (i.e. two extra samples oriented under 120 ◦). The UV-lamp
used in the process exposes at i-line wavelength with a radiant energy of 85 mJ/cm2. The
optimal exposure time has been experimentally defined, by trial and error, at 6 s. Signs of
underdevelopment where found for exposure times < 3 s while overexposure seems to
occur well over 10 s. Resolution was not found to visibly change (by optical microscope)
in the viscinity of a exposure time of 6 s.
Development
The development time was defined similarly to the exposure time, and was found to
produce results with proper resolution anywhere in the range of 1.5 - 5 min. The devel-
opment time was therefore defined at 2.5 min., results of the previous described process
are shown in figure 2.4 (a). The pattern on the sample shows 1:1 correspondence to the
optical mask with a resolution1 well below 1 µm. Development was performed by sim-
ply dipping, and shaking, the sample in the developer. The development process was
stopped by subsequent dipping, and flushing with millipore water.
1By resolution I mean the scale on which roughness becomes visible.
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Lift-off
As previously described, the sample as in current state of figure 2.4 (a) is covered with ∼
30 nm of amorphous aluminum oxide. Subsequently, the layer of exposed photoresist is
dissolved resulting in the so called lift-off of the aluminum oxide. Lift-off is usually per-
formed by soaking in aceton for over 12 hours and subsequent ultrasonicating, however,
the latter was found to be insufficient for our samples2. Therefore, a different (and much
more time-efficient) method was performed, namely, soaking in aceton while gently pol-
ishing the surface of the sample with very fine lense paper. Soaking for much longer
periods of time did not seem to be of influence on the cleanness of the surface after lift-
off. A result of the latter method is shown in figure 2.4 (b), one can observe that the edges
have become a tiny bit more rough, while the pattern remains very well defined.
Figure 2.5: (a) AFM image of the edge of the channel after lift-off. (b) Cross section of line 1 and 2
in (a). Ears are visible near the edge on the side of the aluminum oxide, furthermore we observe a
thickness of ∼ 30 nm at the bulk.
On a much smaller scale, as vizualized in figure 2.5, we see a similar roughness at
the edges of the aluminum oxide, however, the resolution remains below 1 µm. Ears are
observed on the aluminum oxide mask side, the latter poses no problem to any further
growth procedures or measurements, as long as the channel is clean and well defined.
2Possibly due to the thickness of the aluminum oxide layer.
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Figure 2.6: AFM image of a substantial part of the channel after annealing procedure. No dirt or
photoresist residue is observed whereas the STO terrases are well defined. The black pit is most
likely a initial defect in the STO substrate.
Annealing
Cleanness of the channel is of crucial importance as the 2DEG is supposed to form at the
interface. As the lift-off procedure is not perfectly well defined, there exists the possi-
bility of photoresist remainders, or dirt, residing on the channel after lift-off. However,
it was found that heating the sample to the sputtering temperature, and subsequently
decreasing the pressure in the sputtering chamber to base pressure, completely removes
any residue from the surface of the STO. A picture from within the hall-bar channel, after
annealing, is depicted in figure 2.6. Clean and well defined STO is observed, sufficient for
possibly conducting LAO/STO interfaces.
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Figure 2.7: HRXRD data provided by my supervisor C. Yin (PhD position at J. Aarts group in
Leiden University) as a generosity for the purpose of this reseach thesis. 15 u.c. of LAO grown on
top of STO at a pressure of 0.04 mbar. (a) Reciprocal space mapping measured around the (103)
diffraction peak of STO. (b) 2θ scan, including fit, at a high angle of incidence.
2.1.3 LAO growth
For the purpose of research on the LAO/STO interface, an off-axis magnetron sputtering
set-up has been built by my previously mentioned supervisor. All thin LAO films have
been grown within this system, at an argon pressure of 0.04 mbar, 800 ◦C, and at a RF
power of 50 W. As STO tends to lose oxygen at high temperatures in low oxygen enviro-
ments, all samples are subsequently annealed for one hour at 600 ◦C at a oxygen pressure
of 1 mbar, restoring the oxygen concentration within the bulk of the STO. This method
has been shown, on unstructured samples, to reproducably create 2DEG behavior similar
to literature. High-Resolution-XRD, see figure 2.7, shows in (a) that the LAO layer is fully
strained to the STO substrate (i.e. no relaxation has occured). The in-plane lattice constant
of LAO was found to be 3.905 A˚, similar to the STO in-plane lattice constant. From (b) one
can, by fitting, determine the out-of-plane lattice constant and the thickness of the LAO
layer, after which one can determine its sputtering rate. The out-of-plane lattice constant
was found to be 3.735 A˚, very close to the known value of the out-of-plane lattice constant
of lanthanum aluminate (i.e. at room temeprature: 3.787 A˚), and a sputtering rate of 1.14
u.c./minute. AFM image of LAO grown on top of STO within the channel between the
two voltage probes is shown in figure 2.8.
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Figure 2.8: AFM image of a substantial part of the channel after sputtering 10 u.c. of LAO. STO
substrate terras steps are still clearly visible, and no dirt is observed. The observed curvature due
to intial defects within the STO, as in figure 2.6.
2.2 Alternative method
An alternative method, published by N. Benjeree et al. [30], is vizualized in figure 2.9
(a). The latter method relies on the fact that the developer (OPD 4262) is a highly basic
solution which is able to react with exposed aluminum oxide to form water-soluble alkali
metal alumnates, while leaving the STO subtrate intact. In this way one is able to not
only develop the exposed resist, but also etch away the aluminum hard mask underneath
the resist (step 1). In step 3, everything except the hall-bar pattern is lifted off by dis-
solving the aluminum oxide in a 4 M aqueous NaOH solution effectively removing the
LAO layer on top as well. This method is superior to the method previously explained in
this chapter, due the fact that the interface remains clean at all times, and has no contact
whatsoever with any (hard to remove) photoresist.
For the purpose of this research, it has been extensively attempted to replicate the pro-
posed results following from the patterning of this method. The problem, however, was
the fact that the aluminum oxide in Twente was grown by PLD, which allowed for ex-
tremely porous growth. Thereafter, this porosity allowed for much higher etching rates,
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Figure 2.9: (a) Vizualization of a relatively new method for producing (hall-bar) patterns on the
2DEG LAO/STO interface, published by a group from Twente University [30]. (b) Optical image
(20x): Pattern after development and etching of > 30 minutes. Dark grey is aluminum oxide
whereas light grey is supposed to be STO substrate. In this case the inverse of the mask in (a) has
been used.
in comparison with the much more dense aluminum oxide layer grown by on-axis sput-
tering here in Leiden. The etching time (i.e. time spent in the developer), was varied from
1 minute to over 30 minutes resulting in a wide range of etched samples with similarly
grown aluminum oxide layers. Step height of the edges (i.e. height difference between
the STO channel and the aluminum oxide hardmask) was measured under means AFM
height trace. Unfortunately, none of the samples showed the sought after etching result,
as most of the etching seemed to either passivate after a few minutes or to simply posses
much too low etching rate. Therefore, no clear etching rate could be defined and I was
unable to optimize this process to create the inverse aluminum oxide hardmask for the
purpose of a hall-bar structure of the LAO/STO interface. The most sufficient result is
shown in figure 2.9 (b) after etching for > 30 min., very long in comparison to the proce-
dures in [30] (2 min.). The latter showed promising step height and sharp edges, however,
most of the pattern was destroyed in the process as can be seen from the partial residue
of one of the electrodes.
In an attempt to grow lower quality, or more porous, aluminum oxide, aluminum oxide
was sputtered at a range of partial oxygen pressures varying from 10 - 50 %. Although
much less extensive research was performed, so far no signs of better etching results
where found for layers grown at higher partial oxygen pressures. Also under AFM, no
clear differences between aluminum oxide layers grown at different partial oxygen pres-
sures was observed.
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Figure 2.10: Schematics of the measurement set-up. Vsd is the voltage between the source and
the drain, Vg is the so-called gate voltage and V is a voltmeter. This set-up allows for 4-wire
measurement of longitudinal (1) and transversal (2) resistances.
2.3 Measurement set-up
The measurement set-up is visualized in figure 2.10. Both Vsd and Vg are controlled seper-
ately by a Keithley Sourcemeter 2450. Longitudinal resistances have been measured at a
current source of 10 nA which proved to be more than enough for accurate measurents.
However, for the purpose of accurately measuring hall resistances a much larger current
source of 1-5 µA was neccesary.
Cooling has been done in a Oxford Instruments TestlatronPT cryostat, which allows for
accurate temperature control up to ∼ 1.5 K. Furthermore, this cryostat has a built-in con-
trollable magnetic field up to 8 T.
Gating The ionic liquid used for the purpose of this research project was N,N-diethyl-
N-methyl-N-(2-methoxyethyl)-ammonium bis(trifluoromethyl sulphonyl)imide, simply
known as DEME-TFSI3. DEME-TFSI has a melting temperature of 182 K, below which a
carrier freeze-out occurs. In practice, a tiny droplet was carefully deposited (by needle)
over a substantial part of the gate electrode, and the complete area of the channel between
the two voltage probes (V+ and V-). Gate voltages have been applied at 210 K, after
pumping down to a base pressure of∼ 5 ∗ 10−2 mbar. As a general protocol, gate voltages
have been applied for 5 minutes, after which the gate voltage was turned off only when
the temperature was well below the beforementioned 182 K.
3DEME-TFSI is one of the most used ionic liquids in condensed matter research, for instance also used
in [4] and [31].
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Hall-effect measurements In the presence of a magnetic field in the z-direction, one can
measure the transversal(2) resistance (i.e. hall resistance), in order to determine charge
carrier densities. In practice it appeared challenging to acquire a stable hall-resistance.
To increase the accuracy of the measurement a as large as possible current source was
used, this however required a voltage of the same size as the gate voltage. When the Vsd
approaches Vg in magnitude, the ions in the ionic liquid are displaced by Vsd effectively
disturbing the gating effect. Therefore, the halleffect has only been measured well below
182 K, respectively 170 K, with a magnetic field of 2 T.
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Results and discussion
3.1 Characterization
Figure 3.1: 2-wire I(V) characteristics of 10 u.c. of LAO, including a linear fit, at 180 K and 4 K.
Determined by the slope of the linear fit: R180K = 683 kΩ and R4K = 42 kΩ.
In figure 3.1, 2-wire I(V) characteristics are displayed at 180 K and 4 K in order to
characterize the contact resistances. The I(V) characteristics at both temperatures remain
ohmic (linear) to well above the current source of the 4-wire measurements (10 nA), con-
firming the fact, as from literature [4], that wire bonded aluminum wire contacts on the
LAO/STO interface are sufficient for future measurements. Correcting for ∼ 3 times the
4-wire resistance results in negligible small contact resistances.
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Figure 3.2: Gate voltage sweep, while measuring (a) the gate current (i.e. the current between
the drain and the gate electrode) (b) the 4-wire resistance of 10 u.c. LAO. The gate voltage was
increased/decreased by 50 mV at 2 Hz, from 0 to 2 V (1), from 2 to -2 V (2) and from -2 to 0 V (3).
In order to characterize the gating device, a typical gate voltage voltammetry is dis-
played in figure 3.2 at the gating temperature of 210 K. The gate current is of similar
magnitude in comparison to literature [4] and shows the expected polarity behavior. Any
peaks in the gate current might indicate chemical reactions occuring inside the ionic liq-
uid, peaks as such are clearly absent. The scattering of points in (1) of the gate current is
attributed to the sensitivity of the measurement. However, the fact that the gate current
does not start at 0 is odd and might be due to a small off-set in the measurement set-up.
Furthermore, figure 3.2 (b) depicts the correct operation of the device and the magnitude
of the gating effect. Resistance decreases for positive gate voltages (enhancement mode)
and decreases for negative gate voltages (depletion mode), as would be expected for the
LAO/STO interface. There is a small discontinuity between the end of (3) and the be-
ginning of (1), this is most likely due to the relatively high scan speed which was four
times larger than [4], in which no discontinuity occured. Furthermore, the resistance was
found to restore to the initial resistance of Rs = 2.55 kΩ at 210 K, throughout all of the per-
formed measurements. The latter in combination with the beforementioned magnitude
of the gate current are indications on the electrostatical nature of the gating effect, at least
in the range of [-2V, 2V]. The electrostatical nature has previously been suggested in [31]
and [32], for which in the latter the absence of electrochemistry is attributed to the layer
of LAO effectively protecting the layer of STO underneath.
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Figure 3.3: Leg (2) of figure 3.2, including a 1/Vg fit. Fitting function: a/(b · x + c) + d, with a =
452540, b = 0.594, c = 2.070 and d = 29615. R-squared = 0.99998.
Analysis of leg (2) in figure 3.2 shows a perfect R ∼ 1/Vg depedence, as also seems
to be the case in figure (1) of [4]. The latter might be explained by the fact that CEDL ∼
Vg from which one would suspect that also ∆ns ∼ Vg, up to the point of saturation or
depletion of the source of charge carriers. Resistance, when conductivity is intirely due
to electrons, can be defined as:
R = 1/(n · q · µ) (3.1)
With n being the charge carrier density, q the electron charge and µ the electron mobil-
ity. When µ (i.e. the disorder) is not drastically influenced by either the ions on top of
the channel or the change in charge carrier density, including a linear depedency of the
charge carrier density, one would expect to find R ∼ 1/Vg behavior. However, the latter
proposed explanation is not completely trivial and needs further investigation for clarifi-
cation.
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3.2 Gating results
Figure 3.4: Rs(T,Vg) of 10 u.c. LAO. Gate voltages have been applied in the range of -2 V to 2 V, in
steps of 1 V.
The inital LAO/STO interface without any gate voltage applied (red) shows similar
behavior and resistance to other 10 u.c. LAO interfaces [4][33], the only difference being
the fact that LAO has been grown by sputtering instead of the conventional PLD. Ex-
pected gating effects are observed as the resistance decreases for positive voltages and
increases for negative voltages, whereas none of the Rs(T,Vg) show any kind of intersec-
tion except for the 0 V, 1 V (blue) and 2 V (green) which roughly start to overlap as the
temperature approaches 4 K. However, for negative voltages there seems to be a clear
distinction from the other curves in the viscinity of 10 K, as -1 V (cyan) shows a very
slight upturn starting from 8 K, whereas -2 V (black) has a huge upturn staring from 20
K increasing its resistance an order of magnitude. The upturn for -2 V is consistent with
previous back gating experiments on similar LAO/STO interfaces, earlier performed by
my supervisor. The upturn in resistance needs further magneto-transport measurements
in order to explain the observed behavior. The behavior of the -2 V curve has similarities
to the thicker LAO/STO interfaces such as of 15 u.c. in [33].
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Figure 3.5: Hall measurements with (a) the charge carrier density ns, including a linear fit (R-
squared = 0.98744), and (b) the hall mobility µH. Measurements have been performed at 170 K in
a magnetic field of 2 T.
The hall measurements of figure 3.5 allow for quantitative analysis of the gating effect,
as one can measure the change in charge carrier density via the hall voltage. Whereas the
hall voltage is defined as:
VH = I · B/q · ns (3.2)
With I the current source and B the magnetic field in the out-of-plane direction. Combin-
ing equation (2) and equation (3) allows for calculation of the mobility µ.
In (a), a roughly linear dependency of the charge carrier density on the applied gate
voltage is shown at 170 K. Extrapolating from the slope of the fit one finds an estimate
of dnsdVg ≈ 7.65 · 1012/Vgcm2. In (b), the change in mobility µ is shown. The mobility
remains roughly constant for 0 V, 1 V and 2 V, whereas for negative voltages the mobility
seems to increase. Therefore, tunability of both the charge carrier density and the electron
mobility have been shown by means of ionic liquid gating. However, one needs to take
into account the fact that the gating effect was established at 210 K, whereas the hall-effect
measurements have been performed at 170 K. In [4], a constant charge carrier density in
the range of 170 - 210 K has been reported, including a clear temperature dependence of
the mobility. Therefore, to what extend the tunability of the mobility is due to introducing
disorder via ions on the surface, or alteration of the charge carrier density (and taking
intro account the temperature dependence), remains unclear.
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From dnsdVg ≈ 7.65 · 1012/Vgcm2, one can determine the effective capacitance of the de-
vice by multiplying the electron charge: Cdevice = 1.22 µF/cm2. The latter being roughly
ten times smaller than CEDL = 13 µF/cm2 of the ionic liquid [34]. Following analysis of
[35], one is able to etstimate the theoretical Capparent by means of a naive model of three
capacitors in series.
C−1apparant = C
−1
EDL + 2 · (e0 · eLAO/d)−1 (3.3)
The second term is the capacitance of the LAO layer, which is multiplied by two as the
gate electrode was not covered by any kind of metal. The thickness d = 10 · (0.3735 · 10−9)
m (10 u.c. of LAO), and eLAO ≈ 23.7 from [36]. Following from the beforementioned cal-
culation one finds: Capparant ≈ 2.3 µF/cm2. The fact that Cdevice < Capparant, is a clear
indication of electrostatic gating, as the effect acquired by means of electrostatic gating
should be upper bounded by Capparant. The difference in capacitances is possibly ex-
plained by the fact that the gating is not solely restricted to the channel in between the
voltage probes, as also a substantial part of the four contact wires is effectively altered by
ionic liquid gating. Furthermore, any dirst residing on the top of the interface (or inside
the ionic liquid) might also decrease the gating effect.
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Outlook
This project came to an end right after the moment the device (i.e. the LAO/STO hall-
bar and the gating effect) was shown to be working properly. However, the latter allows
for many interesting future measurements, on one hand investigation on the magnitude
and nature of the gating effect by for instance: (1) increasing the gate voltage, and (2)
depositing silver paste or any other electrode metal on top of the gate electrode as in [4].
Whereas, on the other hand the influence of the gating effect on the LAO/STO and its
subsequent characterization to greater extent. By being able to effectively tune the mobil-
ity µ, it might be possible to achieve large enough electron mobilities in order to observe
Shubnikov-de-Haas oscillations, which are a clear indication that the electrons move only
in 2D. Most of the latter, however, has already been done in one way or another. Aside
from the fact that reproducing results is also constructive for investigation and better un-
derstanding of the LAO/STO interface, there are also some possibilities which are left
uninvestigated such as the following.
Proposal As the EDL that is formed on top of the channel is essentialy a charging par-
ralel plate capacitor, one might expect the thickness of the LAO layer to be of influence
on the magnitude of the gating effect. As the capacitance of a parralel plate capacitor is
formally defined as
C = e0 · er · A/d (4.1)
, with e0 the permittivity of free space, er the relative permittivity, A the area of the plates
and d the distance between the plates. In the case of the LAO/STO interface, d would
roughly be the thickness of the LAO layer. Furthermore, it has been shown by [37] that
ions near the surface of the conducting layer/interface cause coulomb scattering by ef-
fectively disturbing the potential landscape of the charge carriers. In this way disorder
might be introduced into the interface resulting in a decrease in mobility. By combining
the latter two effects, it might be possible to find an optimum for the mobility µ at the
LAO/STO interface by performing gating experiments on serveral samples with a differ-
ent LAO thickness (such as 10/8/6/4 u.c.), at a wide range of gate voltages.
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Conclusion
In the pursuit of acquiring a hall-bar geometry within the LAO/STO interface, two seper-
ate methods have been investigated. Both methods are based on creating a inverse hall-
bar hardmask of aluminum oxide by means of photolithography. For the purpose of
the photolithographic steps, a optical mask was designed, whereafter the exposure and
development times where optimized in order to obtain the correct results. One of the
beforementioned methods [30], etched the aluminum hard-mask by means of a certain
photolithographic developer. The beforementioned etching was shown to be insufficient,
most likely due to the high quality of the sputtered aluminum oxide layer in comparison
to the porous layer grown by PLD in [30]. However, the second method, which relied on
lift-off step of sputtered aluminum oxide on top of photoresist, was shown to result in re-
producible conducting LAO/STO interfaces with the sought after hall-bar geometry. The
layer of LAO has been grown by means of off-axis magnetron sputtering, of which the
set-up was built by my supervisor C. Yin. Uniform and epitaxial growth of LAO within
the hall-bar geometry on top of STO have resulted in conducting interfaces. Prelimi-
nary R(T) measurements showed similar results in magnitude and behavior to literature,
which is interesting as conventional growth of LAO in literature is done by means of PLD.
As the interface was shown to be adequate, ionic liquid gating experiments have been
performed. Similar results in comparison to literature, although smaller in magnitude,
have been found. Depletion mode increased the resistance of the interface, whereas en-
hancement mode decreased the resistance of the interface. Enhancement mode of the
interface was shown to be of minor influence to the general R(T) behavior, whereas de-
pletion mode was shown to result in a clear deviation from the general R(T) behavior,
as a huge upturn of the resitance occured at low temperatures. Hall measurements have
been performed at 170 K for different gate voltages to characterize the influence of gating
on the charge carrier density ns and the electron mobilty µ. Tunablity of both the charge
carrier density and the electron mobility have been shown by means of ionic liquid gat-
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ing. The charge carrier density was shown to be roughly linearly dependent on the gate
voltage in the range of -2V - 2V, whereas the mobility occured to have a less clear depen-
dency including a much smaller alteration in magnitude, this however is in agreement
with literature.
Although the main goal of this research project was achieved (i.e. performing ionic
liquid gating experiments on the LAO/STO interface with the correct contact structure),
gating experiments on the interface are far from finished. As the previously shown results
allow for much more interesing and extensive future research, potentially resulting in a
better understanding of the (conduction at) the LAO/STO interface.
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